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ABSTRACT: 

Techniques for polishing a wafer (10) include closed-loop control. The wafer can be held by a 
carrier head (100) having at least one chamber whose pressure is controlled to apply a 
downward force on the wafer. Thickness-related measurements of the wafer can be obtained 
during polishing and a thickness profile for the wafer is calculated based on the thickness-related 
measurements. The calculated thickness profile is compared to a target thickness profile. The 
pressure in at least one carrier head chamber is adjusted based on results of the comparison. 
The carrier head chamber pressures can be adjusted to control the amount of downward force 
applied to the wafer during polishing and/or to control the size of a loading area on the wafer 
against which the downward force is applied. 
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fc t>iAto<7)df ^ y r^y Kf-ry'Srtoffi&fcinw- 
[f»3<JS2] Jlfc. wE?xw\£$fiiBnt;:2tLT# 

im$mi 3Efc* lffl*x--/\fc»MHjfc*tLT« 

im&R4 1 mm* -v y r^y m. wirattarfwr 
iia»o#fe. 

x. m$mm%i&zn&XTv7t. jj$to7-m 

{OE&jZMmt&ZTvy-b. *£tr, IMIliBSco 

mt&^xim'>*-K'\B&}$mei-rzmt:$*. 
miVx-w#*mtimm*&xi>&c\bt:. mm 

imt&XTvTm&iSfe. 4?%< b hUb-0<F>**r 
[SMi*8] B5IB^x-/N^§P3aaiSffl^#l>x 

r>yr«. nE^xw^co^&w-t^r y vyv-v 
mmummcD-fim. 



[ff^ll] «7x-/\±(cTl*]#7jSrJ0AI»J:affi 

tUmX'fyyX : «ffi->xWvoJPS|HaBai*»i 
Xf7 Tfc : BM$^S5€ffifcao'#BiiiB'7x-/N 
{c*«-|.g$Tn7T^^irac-n»^7 i -y7-fc ; MS 
IWSfifcJP 3 To 7 r 4 S TP 7 r 4 JW: 

[S!#«12] •7x-^±(cT|6l§7)SrJni.l»J:affi 
-himmtmh'J? i j:< b hUbm^ 
*+'JTN'7 KfcJ: 9fM»3ftS1J*Krx-vyHJMH- 
S^ffiTftoT : 'JT^-y KttSl ^x-vn* 

fia^-S^-f-yTfc, «E»l^xWNiBf«Blfc«L 
•CflWtSXxyT*: ; «MM>C«ffi* 1 >>x-a^ 
$WaS3^fi^#i»7.x-yTfc ; 151252 H1jI&I£«1;: 
mBff 1 •> x w\|c*W-i »8 To 7 r * tw- 
Sct&^-rvTi: ; BaiEtW$ii^W2To7r-f;^ 
SMS$7-n7r-<;l'i:Jt^i-57.x>y7-t : «MNt>£ 

[ mm. i3] x -Js±co^m^&^mL lx$z 

SEsriS^ff 7J * Mi. 6 £ t S MkOf-^r y/N'5r# 
HfciOflBtSii^tBil^x-^Bf 

fflie«7 x -^^jgv-ytcKji-r s huS^ - y y «y 

Hf-vVAod^OtAfcoof-r y^<rtffi7J5rPSi-f" -& 
[it^S 1 4 ] ^»WSSST'S>oT 

gfSfflfc ; ^x-^flawsfcA^f+yr^HT 
j>-?t. ffiie^^yr^ y F«i. traswsffi^LTi? 

x-A*qw»Sii4Bfc||E'>xW\±ft:-Frt&^) 
ETJ^ani.^ J: ^E7l* i $iJP8n#&^ : 5:< fc i>Ub~? 
&hr> twists. *>x-Ai«W-4fti(xW-riJ7 

Kfc ; We+tlaie , 7x-/NC0JS2SaSI£ffi^# 
Sfcfttfye-^t ; B^§7-n7r^;W?rlB^rS^ 

*y k ; 7*n-b«y-9-t ; srfii., aaro-k vim : 

mffi^ x tjkttSff 2 7o 7 r 4 ft* 

L ; 
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( b ) m^ltJtS tim S 7n y r J )VZ ggWS To 

( c ) i5Eitsag*ta-^#^< tiAtoco^^r y 

imm 1 5 ] fiffE*^ 'J T^y Ktt. MUTOttrft 
imm 1 6 ] msi*v 'J T^-y KfcL «M»TIE&& 

[§9*^18] iga^^yrtts^nsfffeass 

[fif:RJli9] fallt-:m. Bfg+fcmfE^x-'N 

[fl:£J»20] ayta-^yXfAfciSlitfC 1 ) 
xWNCDJp$ll»8!l£ffi£]R#£-£ ; BufElSSIIjiSiE 

mizm^zmav *-'\tzntzmz to? w >vm 

xiy-rA tltimz-tt ; fflm<Mzmi'7 i-^l^T 

fig^fl^^tcfc^T^x-yN^MKtcJ: oan^it 
[f»£JB22] aytTjL-^^XxAtc. tiilL -.m 

m*tzimvx-^izm-z>mzffim%.mzm.m 
X'$&%m.coi-v y r^y K(c<k o« 



S^nSmfa^xWNSrW^KffSigSjffl^ll^JR^ 

; BuiBS^W^aS^fifcS^^mE^x 
coV-y treS^S BaS^f ^ y T^-y Kf-v yA« 3 1. 

[0001 ] 

[ffewa-r &**«#»] *mi*. -mizm&cw? 
immmtzmL. xvmuza. it^mmmmmmza 
its v*-j^m<miv~-7wmzmth . 

[0002] 

<nmmmizi*)mfiL2ii&. zmtfrntztizmz. 

n-^xffyy * h y V ^5 7 < >y ^ Xf y TtJoUTHS 

[0003] ivmwmm <cmp) »i. §i2^tut^ 
«RA^^yr^y Y-ttthhmm^-v Y±.nzmm 

(wmvxyyy im^zt) izxm&x-zz. m 

Kt^L-Ox-yN^jiBft^^tJ: O^^S. 
[00 04] CMPT'S*g£|31Stt. rjjg^ (edge 
-effect) j N mwtiXii. ">x-A(0M3j!l«">i-Aif« 

it. ^mizii, Vx-'wmm. mm. 2oosy^< 

-WW (mm) ^x-;\<7)*J1-gB<03a>£>l 5 

'C^XO-3ft* (center slow effect) j . t&Wttl 
If. ^xWNCO^t^TO^fc^rSttlSl-CfeS. 
[ 0 0 0 5 ] flfec0^Ht>CMP7 , O-feXttJ»tl>^ : %- 
ittS^-Tl>. CTi.tt\ CMP7°o-feX|i:. StS^^ yH 
^S07 hSOMM. W-v yf-T'^-fL 
J:tm^jaTi@«»7°o-bx<7) H y y hl,zmBTi>& . 

jd^.t. cMPrn-bx«^ mrnmmmizm-L 
^s<^*tiit>cMP7-D-fex-c<o^fl:fcS^--rs. i^ai 

\iZ, CMP^S^tg^^^cMPTn-feXco^— 
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x\ mm. Y<r>mmti£kt tx. »?>->< o 
ii^mmm^y vwmi2ti&%i%b\ mmfyggw 

[0006] 

tz sit &Mzsem<v£itzniEi- a c t \iw®xb -> 
y -f £#&<k o c mvru^ximmth c: fcteBST* 

ZtteBmX'&it:. 
[0007] 

M£jB&i-i>*tf>*>#8] — -ISiltJ:!, 
07^-yYizX*). *7x-'\iWmZtin&. 

£ . t iiUtrxn* y r^-y Kf-v y^'rtoji 

[0008] !5!k7)|£ifc0!lT'li, 8ffefr8;li. -7 x-A<7) 
;§'l>£&^^yA£#ti>*+y7A..y y\zX 

ztih^x-^x-mteimz. uma. mmwztx 
-wmizmmisimn&zb. *Lxmz&mm%. 
mzm^v*-^crmfc/-yi l zm&-?& : * j r y 

[0009] fl:^«fi89f^St>IB*$ni»„ SMti. 

^xWNSf^Hk. ^x-A^Mti-tJm^yr 

fc#LTffig$ft*l£^xWN±fcTfi£E7J£;!)nx 

£-£tf. gsf*. sc iwe+^^x-^cow^piasi 

t: J: t) nt>tUzm2m£ : Tr] y r A Mzgrl* «7 x w\ 
fc*t-t6ff£7n7 W /l-SrH-g-t* ; ( b ) fW^ii 
fcSS 7n y r A )VZ BgJ5£ Ta y r A >Vb YcMf 

h ; ( c ) H3mmzm^'j?%< t i>utm*xv 

TA.-y Ff-^yCrtflffiftMUW* ; J:7fl!filc$*t 
[0010] HRfc. ^-^^N'BETJJi. ®&7x-*ifi 

mmztix^hmiz. ^nv^A^x-mm^ixMh. & 



[0011] u«<omnmx'&. jaT<o#R<otAkoja 

^ffi7J*tt&i-a^«lg££tf-fc#T;^ ZtllZ* 
^Jiix^iaffi7J£i6WfT'#a. «7x-/ncD 
7 r -f A'i To y r A )V t iffit h d t 

[0012] HSIt . -v 'J T's -y Hf-v W«BE7J SrH 
©-TSikJi, >7x-^*qiejBK5tLT««f*ft^S 
Tl6l^7J^^igT^5. 

[ 0 0 1 3 J ^xw\<7)ff$P8a)aSffi^-S>- k*i. 
^x-^i^sou-yry vw-virh Rlt^iut 

r>0Mi. ?Jfe7-o-feXtCfe{tl.#^^lfcWi''6. 

[0014] max. &zmm%.mtn&ztt. m 
ZTvyrAfrZstn^hZbb. m.^titzm^ru 
y 7 A)VmWM^yxiy7A)VbVcm-ftZ.bb. * 
*V7^y Vf-*>*0>o*><7yy*£< b \>T>b~o<r>^-\ 
yrtft&iZWffithZb. b\i. ^Wx-a^p 

[0015] u«<v£timt. jaTflfwwkoa]: 
i^iiiuE3ft.#i.. mmz. vx-wmztttmrn 

[0016] ffi^^ftfe it^U^Ji, P«I=5riiBB. S 
[0017] 

[^con^co^®] 0 1 t^-r x 0 iz. zmetitmft 

•7 x wm 0*^b^SfeSWS (CMP)gS2OCJ:0 
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3 twists. mmx7—^3y23it. m^^mno 

[ooi8] a ya. *cr>±.izmm'* v 

Y3o#imzti2>®& ii im%7y7->24z-kts. m 

v Y 3 0 ti. MTU 3 2 1 #A-J1 3 4 Sr^tf ^ t 
#-C£S (H2) . #77f^2 4li. T^xySHS* 

(H^f ) '\J6£?*i.#2>. ^dSoSfSTo-bX 
cotzMz^ r5r^W&-^(±7"5x>2 4$:ft})-3 
0*&2 0 0|ilCtiaK3-£&jP. iOiSV^X^iO 

x-v\*JMIWfclWrt4 J: 3 empty FStftt** 
JW-fcAC-y K3yf^3->'71B2 8 i>SA,X'i>£ 
V\ X5U/U>-XfOTr-ix3 9*i. X^yttMM* 
•yK3 0<D*iS'M£&T#l>. 
[0019] HBFWKrvA'f^-y H^r 5-fe/W6 0 \i. 
>W£tt6 2tcJ:93d#£*u ^co±-C^5-fe^W6 4 

Ulte^S. *^-b;P60{i. 4o<7)4r-vyr^y Kg 
§7 0£^tf. +'fr£&6 2«u rt^-feA^-**^ * 

gmt$m®zit&zbt:~*imz-t2>. ^ut^f 

ttLTffWtSCifcfcA^x-WNSrflfe-fS. -£?>ia 
[0 0 2 0] ^<fctlAt^<?5Xx->'3y3& { . CM 

P7 , o-fex4'tOx-/Nfcov»T<o-r-^S:J5l#t, ^ 

$l^fg#£ft1Wt^£Sin-situW- r-t^? 
££tf. *Oj:d&«3«!l£^<Wi:o{;L 19 98 

*i i ft 2 b#mx\ *micom%A^wm2tifz*m 

^^^0 9/184, 7 7 5-^fc^StlTV^. 

znftwiz. ^x-^coff^waiBiStto^^ro 
7r^K ^^*>as7j m^imm-n £ ? izm 

•TSidt. in-situS^^^tCiO^^&^x- 
^C0^§l8^x-^ti. CMP$Offll§gS<0*#>c9:M- 

[0021] in-situliS^:? 5 OOSUSflkWfcO 
£H2fc*f. 712 6**777^2 4K^j££*U &9 
&3 6 A\ 7L£>±C&£BIB"7 K 3 0 O-S^lcj^fi 



«■ mx-% h%&*z- twm.4 o a. u—f-m<o%M 

4 4t®ftm6bZ$ts. %M44ii. ftb'-A4 2 

£aSL. ^xWMOtOSajfflitSfcS. 3fcl»if£g 
OfiOfey-9-16 0U. *3 6*»'7x-vM0«)ifi<fc 

wore**. 

[00 22] CMPgfi2 0te. &Z*-?5 

OZtmxZ , <7x-;\ l 0O$Bd>&I*££*i&Hf} 

£?)$Sffl. 3Efc» I§g2 0«. «7x-^<7) 

[0023] f^Tuy^^vr^^ y tTx— 9 

4 8#>\ U-if-44t. ^aiS4 6fc. fflM*>lM 
6 0fc£«te3*l*. nytfx-^4 8»i, 

\mm3 6(o±izbz>mzu-<f-zm>L. mmwp 
^<m%.m$imzmtL. mmmt:tii^mm4 9± 

atc^JfttSidt, aytrjL-^48<i, 3K^-^ 
SIS4 0 *^4I^>^4 7 4- hVN' . y ^ t-^ ^ffiffl t 
T> BBI+fc^x-^M OWWffi^Jni.^>iiSE7j5:ii 

[0024] vs.-^immzixhik%. mmmcowz 
i,mmt t i>iz$ztetz<7)x\ tiua%i4 6frt><7m^iii 

Jll>mibbi>tz£.{tT&. &&2s4 6<D&fm&ttZ 
ffi^jti. in-^itaRM$aS^» (reflectance neasu 
renent trace) bWt&ZbirZ'Z. ^x-^^COff? 
£?Rtbh<7)tzmiT%&. 

[0025] HRt, %& : t-9%m.4 Oii. <7x-VN 

i oico^fa^yT-yy^v-y^^RStSiutifti* 
mmztifz%&. *<7)tmtzm-z>®gm%.mfrt> : t 

T**. MIX. ^xWN±C«*SfifclW<OTffiK 

#§^£[511^0 9/184, 77 5^taii§tL'CV^. 
ftSBEffit,. »7x->'W^c0 i l i g7jl6lTO7r'f^5:# 

[0026] mmii&mt&b. M+'J7mK 
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*7 h 7 4m* 'J7M FBIk*-:? 7 6 A- D 
y^y H 1 0 0a4S£U -e^fci 0 . -v 'J 

k £^rf h . * + y t-n -» h i o o »oa>co« 

<0T*>£>*& OJli'SrV^ k . 
[00 27] JlliT. S^M-UT^y Kl 0014. >>x 

(OWf+'J^ F»4, 19 99^12>l2 3Hajii 

•e. *mwmgA j ^m2 fufc*stf sauraso 9 , 

4 70, 8 2 0?t3Btt&tlT»£. *coajK<Og8^ 

[oo28] fttmsv^imumzii&x ? t. 

* LT03 tZtft X 0 fc. IdtH^-r »J T^-y H 1 0 
014. A^'y/102t. ^-Xffl£ttl04k. v 
2"WMI10 6fc, JWf-ir yAl 08t. S#'Jy 
y\ 1 0k. SRHJlHAflcl 12k, £«3S 
fllttfltl 1 2t4. JHLbi-f-r^l 3 6. i?»TSi 
f-ryAl 34, fcJ:t#MIf-*y>\*l 38to5 3r> 

[00 2 9] 0 8t4. M^y/10 2 

fc^-xlflittl 04k«Stcffia$it. <«. Jftt^t 
JUf , Tft&«ffi#o4 OttS^-xttittl 0 4^ 

yAl 0 8^jiffi 1 3 2KJ: 98t*r»&3/i.4£ k# 
T*£ , ft^ff-^ WW>£E*J k ^-Xfiiffc 1 0 4 cos 

[0030] ^i-^aifti 1 2*4. torsor 

116k. WI-&K1 18 k. rtas£ft«tjtttl20 

k . nm&m.# 130k. 1 2 

2k. JHH^-fjy/l 3 2k£#tr. "HlrtttlE 
1 1 6»4. «Jrx-m O^m&ft&mCE&lilni. 
h^mZSts. rtfll77-y714 4fc:J:9llitSix 

<-X|&4#l 04krt&f?l 16k«XBW8m 
14. aoffiariB^ffUT^f-^^l 34^sews. rt 

my y -/ri 44 tzm?? 6 kfcJ; 
<-**±fri 04krt$isi i btnfflcvfm 

[0031] 12^1/^1/-^ (BjjHH*) *\ # 
X&k'CO&ft*- 3W±**-* WN* 1 3 6 £fc!4. 

A134|*FV i£t4. ^ca^KfflttSidlS^ 



AfcTlfrH-y^coSEftSkS-MIJU SS3BE7JU* 
m±M*hx>Xl 3 6fl<0EflH» fflMtl 1 8co± 

imaH-sniuii 1 6<o««Hg«*»i«f h. m 

<i^«fcfctt6^tcOTl»l£:>J k Sr*a«rr * . 

[00 3 2] mWLl 16k^ffil 18k£OHcOWih 
£ftSg«{4. Jnffisrfig^fiB^^WN'l 3 8£»£-f 

SrSa*;* ^fflf-T w< 13 8 frvXiiftH?-* w« 1 3 

8*>t^i6i<j:paHH4 0fce^sti#5. 

[0033] SUPS. S»T^^ yA 1 3 4 

rt^x*4»i»TaJf- j p y^* 1 3 4 frfeJi^oK yr3l# ^ 

it. HSI81 18t«i-S. MoT. »>xWM OtC^ 

rtg?Ml 1 6<OT(6!#ffi/jJ«(ISN-S. 
SULhatf-ry^l 3 6rt^4^i)±af- J ry>'N*l 3 

oti 1 6<7m&m®mwtz. ^-c. ^f+yr^ 

•yb*100«i. Cx-vMOA.Jnx.^tlSft^^kffi 

■htnmzmmmx'&h. H4<4. ±s?»»^-vy 

A 1 3 6 rt^Ej ( P 3 ) k^Jg 1 1 8£Mi-m& 

mi i wtmffimtcofflcmmyyyTK-f. @4 

T14. ^ffl^-^y^'l 3 8rtc031-SKK£E7j ( P 1 ) «44 

psivhh.y? 7«. TgK#»f-r yv< 1 3 4 rto 

rtSSKETl (P2) CO. 5ps i*><i>6. 6ps iCO® 

[0034] CMPro-feX^cO^x-^NWacOfflyP- 
7^15:0 5 k6t^"f. ?x-;\io»4. ^UT^ 
•y K 1 0 OCOtAfc-^T'fi^p^it. »^>«-^^t>0 

Jamlw^^izjit c m pya-tx Srffiffl LT^r->- 3 
y2 2-Cfflg2:h.& ( 150) . Wfr*?x-9\i. 1- 
-vyKl08. 134. 136. k 1 38rtcoEfjSr£ 
tr. J^T'^ltt/ctdfc:. »HA-yHU5 
u titrs iH^^^tmcOg®^*. CMP rn-bx 
co»®t^^s. ^x-^Tco^{k. ®^ 
ft. tJjrtX. CMPgST-coM^CMP:rn-fexco» 

mwi,zBAZti&i><DX'iizwx\ mm-^tmm 
x'bz>. 

[0035] >>x-^ 1 0frT9f^$^Sfc-5il.T . 

o-bx+com^*T. ^i«4. mmnmktr^ffifevim 

^. iir-situSS^-^SO^*. WSKiliSSffiSray 
t*-^4 8>vRIM-i (152) . r7ytfjL- 
^ 4 8(4, 5 0*^SX#§iuta^ll{^^ 
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(154). ^m^lK. fi-AW^f,-) 
4. ft&Sftfc^x-^SStt. 
[0036]ifcfc:. f«t£itfd¥£Tn:7T>rM4. B 

mmzTvyrJ iittmztiz a 56) . atuss 

Tn:7r-OM4. ^U17 0. Wxtf. EEPROM 

wares . c m pm*xizm&mfe&'ffimi-& 

T. BmffS:ro:7T4;H4. CMPTo-fe*fc:fc(t4 
*<0jreTS83ft4JP£rn7r^£flL*l4. 

>f/l-fcl4. ^$Tn7r^yHcffl^SW^«S^H 
^ftS^ifcfcJOitKS*^. mm. 
#fl<mc^4ggro7r>f/N9«§tt#. Kt¥ 
&;frfarac^4fHt£;ft.£i? STn 7 r 4 /K^fflJS 

-r4ws«*^8»s*i&4. *&n»4. *<o#*#>7x 
-ai o±o^g^[6nastffliEU. >>i-Ai«^ 

4. 

[0 0 3 7] BSff3ttfcH«$tLfc«Sfii:<0ia<0lk 

-51 7 5143^^-^4 8fc««LrBB?S*lT^ 

itf/ifcttV y h >>xr £-£*&4*-<03 ye x 

ta-^^fAli 3ytTjL-^4 8i:3y 

bo- 5 1 7 5fc*>WB&*fr*-4 J: 3ffij££*tfctAfc 

tofr^li. Ki&Wfl^'J ( ROM) ^oieM«tt±£ 
MM*. 

[0 0 38] iti£&*£§JR4^i:fc:jEgLT. 3>-b 
n-9 1 7 514. tSft£** UT^ v K 1 0 04fr+> 
A108. 134. 136. 1 38. cr>d*><m>k^a 

AKD+vy'wmjjtmmt&zt < 1 58) tzmtt 

4. ±ETWtLfcJ:3fc. ffiftfcL ^x-VNi'Vftff 
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1 Title cf liveitico 

CLOSED-LOOP CONTROL OF WAFER POLISHING IN A 
CHEMICAL MECHANICAL POLISHING SYSTEM 

2 Ciiics 

1. A method of polishing a wafer held by acarrier head having at least one 
chamber whose pressure can be controlled to apply a downward force on the wafer, the 
method comprising: 

obtaining thickness-related measurements of the wafer during polishing; 
calculating a thickness profile for the wafer based on the thickness-related 
measurements; 

comparing die calculated thickness profile to a target thickness profile; and 
adjusting a pressure in at least one carrier head chamber based on results of 
the comparison. 

2. The method of claim 1 further including holding the wafer against a 
polishing surface, wherein adjusting a pressure changes a pressure distribution between 
the wafer and the polishing surface during polishing. 

3. The method of claim 1 further including holding the wafer against a 
polishing surface, wherein adjusting a pressure changes a downward force with which the 
wafer is pressed against die polishing surface during polishing. 

4. The method of claim 1 wherein the carrier head includes a flexible 
membrane which provides a pressure to the wafer in a controllable loading area, and 
wherein adjusting a pressure includes adjusting a pressure in a pressurizable chamber to 
control the pressure applied to a wafer in the loading area 
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5. The method of claim 1 wherein the carrier head includes a membrane 
which provides a pressure to the wafer in a controllable loading area, and wherein 
adjusting a pressure includes adjusting a pressure in a pressurizaWe chamber to control a 
downward force with which the wafer is pressed against a polishing surface. 

6. The method of claim 1 further including repeatedly obtaining thickness- 
related measurements, calculating a thickness profile, comparing the calculated thickness 
profile to a target thickness profile, and adjusting a pressure in the at least one chamber of 
the carrier head with respect to the wafer. 

7. The method of claim 1 wherein the carrier head includes a membrane 
which provides a pressure to the wafer in a controllable loading area, and wherein, if 
comparing the calculated thickness profile to a target thickness profile indicates that a 
center region of the wafer is being underpolishcd, then a pressure in at least one carrier 
head chamber is adjusted to reduce the sire of the loading area. 

8. The method of claim 1 wherein obtaining thickness-related measurements 
of the wafer includes measuring intensities of reflected radiation from a plurality of 
sampling zones on the wafer. 



9. The method of claim 1 wherein the target thickness profile represents an 
ideal thickness profile for a particular time in the polishing process. 
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1 0. The method of claim I wherein the target thickness profile represents an 
expected thickness profile for a particular time in the polishing process. 

1 1 . A method of polishing a wafer held by a carrier head having at least one 
chamber whose pressure can be controlled to apply a downward force on the wafer, the 
method comprising: 

obtaining thickness-related measurements of the wafer; 
calculating a thickness profile for the wafer based on the thickness-related 
measurements; 

comparing the calculated thickness profile to a target thickness profile; and 
adjusting the pressure in at least one carrier head chamber based on results of 

the comparison so as to change the size of an area of the wafer to which a downward 

force is applied. 

12. A method of polishing a wafer held by a carrier head having at least one 
chamber whose pressure can be controlled to apply a downward force on the wafer, the 
method comprising: 

holding a first wafer in the carrier head and pressing the first wafer against a 
polishing surface; 

obtaining thickness-related measurements of the first wafer during polishing; 
calculating a thickness profile for the first wafer based on the thickness- 
related measurements; 
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comparing the calculated thickness profile to a target thickness profile; and 
adjusting a pressure in at least one carrier head chamber based on results of 

the comparison so as to affect the size of an area of a subsequently polished wafer to 

which a downward force is applied during polishing. 

13. A method of polishing a wafer held by a carrier head having multiple 
chambers that can apply independently variable pressures to multiple regions of the 
wafer, the method comprising: 

obtaining thickness-related measurements of the wafer during polishing; and 
adjusting a pressure in one of the carrier head chambers associated with a 
particular zone of the wafer based on the thickness-related measurements. 

14. A chemical mechanical polishing system comprising: 
a wafer polishing surface; 

a carrier head for holding a wafer, wherein the carrier head includes at least 
one chamber whose pressure can be controlled to apply a downward pressure on the 
wafer as it is polished against the polishing surface; 

a monitor for obtaining thickness-related measurements of the wafer during 

polishing; 

memory that stores a target thickness profile; and 
a processor configured to: 

(a) calculate a thickness profile for the wafer based on a thickness- 
related profile obtained by the moniton 
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(b) compare the calculated thickness profile to a target thickness 

profile; and 

(c) adjust a pressure in at least one carrier head chamber based on 
results of the comparison. 

15. The system of claim 14 wherein the carrier head includes a flexible 
membrane which provides a pressure to the wafer in a controllable loading area, and 
wherein the processor is configured to adjust a pressure in a pressurizable chamber to 
control the pressure applied to the wafer in the loading area based on the comparison 
results. 

16. The system of claim 14 wherein the carrier head includes a membrane 
which provides a pressure to the wafer in a controllable loading area, and wherein the 
processor is configured to adjust a pressure in a pressurizable chamber to control the size 
of the loading area based on the comparison results. 

17. The system of claim 14 wherein the target thickness profile stored in the 
memory represents an ideal thickness profile for a particular time in the polishing 
process. 

1 8. The system of claim 14 wherein the target thickness profile stored in the 
memory represents an expected thickness profile for a particular time in the polishing 
process. 
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19. The system of claim 14 wherein the monitor is arranged to btain 
measurements of reflected radiation from a plurality of sampling zones n the wafer 
during polishing. 

20. An article comprising a computer-readable medium that stores computer- 
executable instructions for causing a computer system to: 

obtain thickness-related measurements of a wafer during polishing; 
calculate a thickness profile for the wafer based on the thickness-related 
measurements; 

compare the calculated thickness profile to a target thickness profile; and 
adjust a pressure in a carrier head chamber based on results of the comparison 
to adjust a downward force on the wafer during polishing. 

2 1 . The article of claim 20 including instructions for causing the computer 
system to adjust a pressure in a pressurizable chamber to control a pressure applied by a 
flexible membrane to a wafer in a controllable loading area. 



22. The article of claim 20 including instructions for causing the computer 

system to repeatedly: 

obtain thickness-related measurements for the wafer during polishing; 
calculate a thickness profile based on the thickness-related measurements; 
compare the calculated thickness profile to a target thickness profile; and 
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adjust the pressure in the chamber based on the comparison. 

23. An article comprising a computer-readable medium that stores 
computer-executable instructions for causing a computer system to: 

obtain thickness-related measurements during polishing of a wafer held by a 
carrier head having multiple chambers that can apply independently variable pressures to 
multiple regions of the wafer; and 

adjust a pressure in one of the carrier head chambers associated with a 
particular zone of the wafer based on the thickness-related measurements. 

3 DcHaiUd Description cf loveaticn 
BACKGROUND 

The present invention relates generally to chemical mechanical polishing of 
substrates, and more particularly to closed-loop control of wafer polishing in a chemical 
mechanical polishing system. 

Integrated circuits are typically formed on substrates, particularly silicon 
wafers, by the sequential deposition of conductor, semiconductor or insulator layers. 
After each layer is deposited, it is etched to create circuitry features. As a series of layers 
are sequentially deposited and etched, the outer or uppermost surface of the substrate, i.e., 
the exposed surface of the substrate, becomes increasingly nonplanar. This nonplanar 
surface presents problems in the photolithographic steps of the integrated circuit 
fabrication process. Therefore, there is a need to periodically planarize the substrate 
surface. 

Chemical mechanical polishing (CMP) is one accepted method of 
planarizatioa This planarization method typically requires that the substrate be mounted 
on a carrier or polishing head. The exposed surface of the substrate is placed against a 
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rotating polishing pad. The effectiveness of a CMP process can be measured by its 
polishing rate, and by the resulting finish (absence of small-scale roughness) and flatness 
(absence of large-scale topography) of the wafer surface. The polishing rate, finish and 
flatness are determined by the pad and slurry combination, the relative speed between the 
wafer and pad, and the force pressing the wafer against the pad. 

A recurring problem in CMP is the "edge-effect," in other words, the tendency 
of the wafer edge to be polished at a different rate than the wafer center. The edge effect 
typically results in non-uniform polishing at the wafer perimeter, for example, the 
outermost three to fifteen millimeters of a 200 millimeter (mm) wafer. A related problem 
is the "center slow effect," in other words, the tendency of the center of the wafer to be 
underpotished. 

Other factors also contribute to non-uniformity in the CMP process. For 
example, CMP processes are sensitive to differences among polishing pad from different 
lots, variations in batches of slurry, and process drifts that occur over time. In addition, 
CMP processes may vary with depending on environmental factors, such as temperature. 
The particular condition of the wafer and films deposited on the wafer also contribute to 
variations in the CMP process. Similarly, mechanical changes to the CMP system can 
affect the uniformity of the CMP process. Variations in the CMP process may occur 
slowly over time, for example, as a result of wear to the polishing pad. Other variations 
may occur as a result of a sudden change, such as when a new batch of slurry or a new 
polishing pad is used. 

Using current techniques, it has been difficult to compensate for the foregoing 
variations in CMP processes to control wafer thickness dynamics. In particular, it has 
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been difficult to control CMP processes to obtain a desired flatness or topography of the 
wafer surface. Similarly, it has been difficult to control CMP processes to btain 
repeatable results for numerous wafers over a long period f time. 

SUMMARY 

In general, according to one aspect, a method of polishing a wafer uses 
closed-loop control. The wafer can be held by a carrier head having at least one chamber 
whose pressure is controlled to apply a downward force on the wafer. The method 
includes obtaining thickness-related measurements of the wafer and calculating a 
thickness profile for the wafer based on the thickness-related measurements. The 
calculated thickness profile is compared to a target thickness profile. The pressure in at 
least one carrier head chamber is adjusted based on results of the comparison. 

In another irriplernentation, a polishing method can be used with a wafer held 
by a carrier head having multiple chambers that can apply independently variable 
pressures to multiple regions of the wafer. The method includes obtaining thickness- 
related measurements of the wafer during polishing and adjusting a pressure in one of the 
carrier head chambers associated with a particular zone of the wafer based on the 
thickness-related measurements. 

A chemical mechanical polishing system also is disclosed. The system 
includes a wafer polishing surface and a carrier head for holding a wafer. The carrier 
head includes at least one chamber whose pressure can be controlled to apply a 
downward pressure on the wafer as it is polished against the polishing surface. The 
system also has a monitor for obtaining thickness-related measurements of the wafer 
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during polishing and memory that stores a target thickness profile. A processor is 
configured to: (a) calculate a thickness profile for the wafer based on a thickness-related 
profile obtained by the monitor; (b) compare the calculated thickness profile to a target 
thickness profile; and (c) adjust a pressure in at least one carrier head chamber based on 
results of the comparison. 

In general, the chamber pressures can be adjusted in real time as a particular 
wafer is being polished. Thus, thickness measurements can be obtained simultaneously 
with polishing of the wafer, and the chamber pressure can be adjusted without removing 
the wafer from the polishing surface. In other implementations, thickness-related 
measurements of a sample wafer can be obtained and compared to the target profile so 
mat adjustments to the chamber pressures can be made prior to or during polishing of 
other wafers. 

In various implementations, one or more of the following features may be 
present. Adjusting a carrier head chamber pressure can change the pressure distribution 
between the wafer and a flushing surface. The carrier head can include a flexible 
membrane which provides a pressure to the wafer in a controllable loading area so that 
adjusting a chamber pressure can control the pressure applied to a wafer in the loading 
area. For example, if comparing the calculated thickness profile to a target thickness 
profile indicates that a center region of the wafer is being underpoiished, men a pressure 
in one of the carrier head chambers can be adj usted to reduce the size of the loading area. 

Similarly, adjusting a carrier head chamber pressure can change a downward 
force with which the wafer is pressed against the polishing surface. 



« ♦ 
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Obtaining thickness-related measurements of the wafer can include measuring 
intensities of reflected radiation from multiple sampling zones on the wafer. The target 
thickness profile can represent, for example, either an ideal thickness profile or an 
expected thickness profile for a particular time in the polishing process. 

Additionally, obtaining thickness-related measurements, calculating a 
thickness profile, comparing the calculated thickness profile to a target thickness profile, 
and adjusting a pressure in at least one of the carrier head chambers can be repeated 
multiple times during processing of a particular wafer. 

Various implementations can include one or more of the following 
advantages. Variations hi the wafer polishing process, such as environmental variations, 
variations in wafers and slurries, and variations in the CMP apparatus itself can be 
compensated for to provide a more uniform and more planar surface. Similarly, 
variations in the rate at which different regions of wafers are polished can be 
compensated for more easily. Although it will often be desirable to compensate for such 
variations so as to obtain a substantially planar surface, it may be desirable in some cases 
to vary the carrier head chamber pressures so that different regions of the wafer are 
polished to different thicknesses. 

Other features and advantages will be readily apparent from the detailed 
description, drawings and claims. 

DETAILED DESCRIPTION 
As shown in FIG. 1 , multiple semiconductor wafers 10 are polished by a 
chemical mechanical polishing (CMP) apparatus 20. Each wafer 10 may have one or 
more previously-formed films of layers. The polishing apparatus 20 includes a series of 
polishing stations 22 and a transfer station 23. The transfer station 23 serves multiple 
functions, including receiving individual wafers 10 from a loading apparatus (not shown), 
washing the wafers, loading the wafers into carrier heads, receiving the wafers from the 
carrier heads, washing the wafers again, and finally, transferring the wafers back to the 
loading apparatus. 
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Each polishing station includes a rotatable platen 24 on which is placed a 
polishing pad 30. The polishing pads 30 can include a backing layer 32 and a covering 
layer 34 (FIG. 2). Each platen 24 can be connected to a platen drive motor {not shown). 
For most polishing processes; the platen drive motor rotates platen 24 at thirty to two 
hundred revolutions per minute, although lower or higher rotational speeds may be used. 
Each polishing station may also include a pad conditioner apparatus 28 to maintain the 
condition of the polishing pad so that it will effectively polish wafers. Combined 
slurry/rinse arms 39 can supply slurry to the surface of the polishing pads 30. 

A rotatable multi-head carousel 60 is supported by a center post 62 and is 
rotated thereon about a carousel axis 64 by a carousel motor assembly (not shown). The 
carousel 60 includes four carrier head systems 70. The center post 62 allows the carousel 
motor to rotate carousel support plate 66 and to orbit the carrier head systems and the 
wafers attached thereto about the carousel axis 64. Three of the carrier head systems 
receive and hold wafers, and polish mem by pressing mem against the polishing pads. 
Meanwhile, one of the carrier head systems receives a wafer from and delivers a wafer to 
transfer station 23. 

At least one of the stations includes an in situ rate monitor that is capable of 
obtaining data and calculating thickness-related information about the wafer during the 
CMP process. One such thickness measuring technique is disclosed in U.S. Patent 
Application Serial No. 09/184,775, fded on November 2, 1998, and assigned to the 
assignee of the present invention. That application, which describes an in situ, real-time 
measuring apparatus and technique that can be used to provide a radial profile or 
diameter scan of thickness-related measurements of the wafer, is incorporated herein by 
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reference. As described below, the wafer thickness-related data obtained by the in situ 
thickness monitor is used as feedback data for a CMP control system. 

One implementation of an in situ thickness monitor 50 is shown in FIG. 2. A 
hole 26 is formed in the platen 24, and a transparent window 36 is formed in a portion of 
the polishing pad 30 overlying the hole. An optical monitoring system 40 is secured to 
the platen 24 generally beneath the hole 26 and rotates with the platen. The optical 
monitoring system 40, which can use interferometry, includes a light source 44, such as a 
laser, and a detector 46. The light source 44 generates a light beam 42 which propagates 
through the transparent window 36 and slurry 38 to impinge upon the exposed surface of 
the wafer 10. A position sensor 160, such as an optical interrupter, can be used to sense 
when the window 36 is near Ac wafer 10. Other techniques, including 
spectrophotometry, can be used to obtain thickness-related measurements of the wafer. 

In operation, the CMP apparatus 20 can use the thickness monitor 50 to 
determine the amount of material that has been removed from the surface of the wafer 10, 
the remaining thickness of a thin film layer, or the range of thicknesses across the wafer 
surface. The apparatus 20 also can determine the within wafer non-uniformity, in other 
words, the standard deviation in the thicknesses removed divided by the average 
thickness removed, multiplied by 100%. Additionally, the apparatus 20 can determine 
when the surface has become planarized. 

A general purpose programmable digital computer 48 is coupled to the laser 
44, the detector 46 and the position sensor 160. The computer 48 can be programmed to 
activate the laser when the wafer generally overlies the window 36, to store intensity 
measurements from the detector, to display the intensity measurements on an output 
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device 49, to calculate the initial thickness, polishing rate, amount rem ved and 
remaining thickness based on the intensity measurements, and to detect the polishing 
endpoint Additionally, as discussed in greater detail below, the computer 48 is 
programmed to use the feedback data obtained from the optical monitoring system 40 to 
adjust the prcssure(s) applied to the back surfece of the wafer 10 during rwlisliing. 

Because the thickness of the thin film layer varies with time as the wafer is 
polished, the signal output from the detector 46 also varies with time. The time varying 
output of the detector 46 can be referred to as an in-situ reflectance measurement trace 
and can be used to determine the thickness of the wafer layers. 

In general, the optical monitoring system 40 measures the intensity of 
reflected radiation from multiple sampling zones on the wafer 10. The radial position of 
each sampling zone is calculated, and the intensity measurements are sorted into radial 
ranges. Once a sufficient number of intensity measurements have been accumulated for a 
particular radial range, a model function is calculated from the intensity measurements 
for that range. The model function can be used to calculate the initial thickness, 
polishing rate, remaining thickness, and amount removed. In addition, a measure of the 
flatness of a film deposited on the wafer can be calculated. Further details are described 
in the previously-menuoned U.S. Patent Application Serial No. 09/1 84,775. Alternative 
techniques also can be used to obtain a radial profile of the wafer thickness. 

Referring again to FIG. 1, each carrier head system includes a carrier head 
100. A carrier drive shaft 74 connects a carrier head rotation motor 76 to each carrier 
head 1 00 so that each carrier head can independently rotate about it own axis. Each 
carrier head has an associated carrier drive shaft and motor. The carrier head 1 00 
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performs several mechanical functions. Generally, the carrier head holds the substrate 
against the polishing pad, distributes a downward pressure across the back surface of th 
substrate, transfers torque from the drive shaft to the substrate, and ensures that the 
substrate does not slip out from beneath the carrier head during polishing operations. 

Additionally, each of the carrier heads 1 00 has a controllable pressure and 
loading area which allows the downward pressure applied to the back of the wafer to be 
varied A suitable carrier head is described in U.S. Patent Application Serial No. 
09,470,820, filed on December 23, 1999 and assigned to the assignee of the present 
invention. The disclosure of that application is incorporated herein by reference. 

As disclosed in the foregoing patent application and as shown in FIG. 3, an 
exemplary carrier head 100 includes a housing 102, a base assembly 104, a gimbal 
mechanism 106, a loading chamber 108, a retaining ring 1 10, and a substrate backing 
assembly 1 1 2 which includes three pressurizable chambers, such as a floating upper 
chamber 136, a floating lower chamber 134, and an outer chamber 138. 

The loading chamber 108 is located between the housing 102 and the base 
assembly 104 to apply a load, in other words, a downward pressure or weight, to the base 
assembly 1 04. A first pressure regulator (not shown) can be fluidly connected to the 
loading chamber 1 08 by a passage 1 32 to control the pressure in the loading chamber and 
the vertical position of base assembly 104. 

A wafer backing assembly 1 12 includes a flexible internal membrane 1 16, a 
flexible external membrane 1 18, an internal support structure 120, an external support 
structure 130, an internal spacer ring 122 and an external spacer ring 132. The flexible 
internal membrane 1 16 includes a central portion which applies pressure to the wafer 10 
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in a controllable area. The volume between the base assembly 104 and the internal 
membrane 1 16 that is sealed by an inner flap 144 provides the pressurizable floating 
lower chamber 1 34. The annular volume between the base assembly 104 and the internal 
membrane 1 16 that is sealed by the inner flap 144 and outer flap 146 defines the 
pressurizable floating upper chamber 1 36. 

A second pressure regulator (not shown) can be connected to direct fluid such 
as a gas into or out of the floating upper chamber 1 36. Similarly, a third pressure 
regulator (not shown) can be connected to direct a fluid into or out of the floating lower 
chamber 1 34. The second pressure regulator controls the pressure in the upper chamber 
and the vertical position of the lower chamber, and the third pressure regulator controls 
the pressure in the lower chamber 134. The pressure in the floating upper chamber 136 
controls the contact area of the internal membrane 1 16 against a top surface of tie 
external membrane 118. Thus, the second and third pressure regulators control the area 
of the wafer 10 against which pressure is applied, in other words the loading area, and the 
downward force on the substrate in the loading area. 

The sealed volume between the internal membrane 1 16 and the external 
membrane 1 1 8 defines a pressurizable outer chamber 138. A fourth pressure regulator 
(not shown) can be connected to passage 1 40 to direct fluid such as a gas into or out of 
the outer chamber 1 38. The fourth pressure regulator controls the pressure in the outer 
chamber 138. 

In operation, fluid is pumped into or out of the floating lower chamber 134 to 
control the downward pressure of the internal membrane 1 16 against the external 
membrane 1 1 8 and, therefore, against the wafer 1 0. Fluid is pumped into or out of the 
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floating upper chamber 136 to control the contact area of the internal membrane 1 16 
against the external membrane 1 18. Thus, the carrier head 100 is able t control both the 
loading area and the pressure applied to the wafer 1 0. FIG. 4 illustrates graphically a 
relationship between the pressure (P3) in the upper floating chamber 136 and the contact 
area of the internal membrane 1 16 against the external membrane 1 18. In FIG. 4, the 
external membrane pressure (PI) in the outer chamber 138 is 4 psi. The graph illustrates 
the contact area for various values of the internal membrane pressure (P2) in the lower 
floating chamber 1 34, ranging from 5 psi to 6.6 psi. 

Closed-loop control of wafer polishing during the CMP process is illustrated 
by FIGS. 5 and 6. A wafer 10 is held by one of the carrier heads 100 and polished 150 at 
a station 22 using a previously dctennincd CMP process with initial parameters. The 
initial parameters include the pressures in the chambers 108, 134, 136 and 138. As 
discussed above, other factors, including consumable variations related, for example, to 
the polishing pad and slurry affect the dynamics of the CMP process. Similarly, 
variations in the wafer, environmental variations and variations in the CMP system, affect 
the dynamics of the CMP process and, therefore, affect the amount of material removed 
from the wafer surface. Typically, such variations are not intentionally introduced into 
the system and are difficult to control. 

As the wafer 10 is polished, a particular radial thickness profile results. At a 
predetermined point during the process, for example, after a predetermined time since 
commencement of the polishing, the in situ thickness monitor 50 provides 152 thickness- 
related measurements to the computer 48. The computer 48 then calculates 154 a radial 
thickness profile for the wafer 10 based on the measurements obtained from the thickness 
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monitor 50. In other words, the wafer thickness at multiple positions from the wafer 
center to the wafer edge is calculated. In some cases, the calculated wafer thicknesses 
may represent average thicknesses for each radial position. 

Next the calculated thickness profile is compared 156 to a target thickness 
profile. The target thickness profile can be stored in memory 1 70, for example, 
EEPROM and can represent an ideal wafer thickness profile which is desired at the 
predetermined point in the CMP process. Alternatively, the target thickness profile can 
represent a thickness profile that is expected at that point in the CMP process. According 
to one implementation, the target profile and the calculated profile are compared by 
calculating a difference between the corresponding thickness values for each of the 
thickness profiles. For example, the thickness value in the target profile for a particular 
radial position can be subtracted from the corresponding thickness value in the calculated 
thickness profile for the same radial position. The result is a series of difference values 
each of which corresponds to a radial position on the wafer 10 and which represents the 
disparity between the target thickness and the calculated thickness at the particular radial 
position on the wafer. Comparing the two profiles can be performed either in hardware 
of software and may be performed, for example, by the computer 48. 

The result of the comparison between the target thickness values and the 
calculated thickness values is provided to a controller 175. Although the controller 175 is 
illustrated separately from the computer 48, the controller and computer can be part of a 
single computer system that may include hardware and/or software. Such a computer 
system can include, for example, one or more general purpose or special purpose 
processors configured to perform the functions of the computer 48 and the controller 175. 
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Instructions for causing the computer system to perform those functions can be stored on 
a storage medium such as read-only-memory (ROM). 

In response to receiving the comparison results, the controller 175 uses the 
results to ao^ust 158 the pressure in one or more of the chambers 1 08, 134, 1 36, 138 of 
the carrier head 100. As discussed above, the pressures can be adjusted to change the 
downward pressure of the carrier head 100 exerted on the wafer and/or to change the 
loading area For example, the pressures may need to be adjusted if the wafer edge is 
being polished at a different rate than the wafer center or if the wafer center is being 
underpolished. In particular, if the center of the wafer is being undeipolished, the 
chamber pressures can be adjusted to reduce the radius of the loading area. In other 
words, the product of the pressure and polishing time at the center of the wafer is greater 
man at areas near the wafer edge, thereby compensating for the undcrpolishing. After 
adjusting the chamber pressures, polishing of the wafer 10 continues 160 until die in situ 
thickness monitor indicates that the wafer is substantially planarized or until some other 
CMP end-point is reached. 

The closed-loop feedback control illustrated above can be performed one or 
more times during CMP polishing of a particular wafer. In other words, the pressures in 
the carrier head chambers can be adjusted based on thickness-related measurements once 
or multiple times during the CMP process. For example, closed-loop adjustments to the 
chamber pressures can be performed at some regular interval, such as once every fifteen 
seconds, during the CMP process. 

In some implementations, it may be desirable to perform the closed-loop 
control for each wafer as it is polished. In other situations, it will be sufficient to perform 
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the closed-loop control for one or more test wafers. Hie adjustments to the carrier head 
chamber pressures obtained for the test wafers can subsequently be used during CMP 
polishing of an entire batch of wafers. 

The thickness-prolile can be obtained after a period of time T(n) to determine 
whether the desired amount of material was removed. If the desired amount of material 
was not removed from the wafer, then the polishing time can be extended by a small unit 
of time, such as one second The process can be repeated until the desired amount of 
material has been removed. 

In one implementation, a sample wafer is polished in a standard operating 
mode in which the floating chambers 134, 1 36 are depressurized, and the outer chamber 
1 38 is pressurized to apply a uniform pressure to the entire backside of the wafer. The 
sample wafer is then polished and, after a predetermined period of time, thickness-related 
measurements of multiple radial zones of the sample wafer are obtained and converted to 
a radial thickness profile. The thickness profile is compared to a target profile, for 
example, a substantially flat profile, and a differential thickness Atn is obtained for each 
radial zone n on the wafer. Each differential thickness At„ represents the difference 
between the measured thickness and the target thickness for the n ,h zone. 

Based on the measured thicknesses of the wafer, a removal factor (RF) 
expressed in units of A/psi/second and indicating an average rate of removal of material 
from the wafer can be obtained. A differential pressure AP, which equals the difference 
in pressure between the external membrane pressure (PI) in the chamber 138 and the 
internal membrane pressure (P2) in the chamber 134, is selected. Typical examples of 
the differential pressure AP are in the range of about one to several psi. Assuming N 
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radial zones on the wafer and assuming that the first zone (n=l ) is closest to the wafer 
center and the N* zone is closest to the wafer edge, the durations T n for which the van us 
regions of subsequent wafers should be polished using the specified pressure differentials 
AP n to correct the thickness profile can be calculated as follows: 
T a - [AUAPn ■ RF)] - [flVi> ■ AIWAP (n) ) 

+ OW 2) ' AP< n+2 )/AP (0) ) + . . . + (Toq) • APfl/APft)]. 
In situations where the pressure differential is constant, the foregoing equation reduces 
to: 

T n = [At„/( AP n ■ RF)] - (T (n+ , , + T (n+2) + . . . 4 Tot). 
For example, referring to FIG. 8, if there are four zones (N=4), then 

T 4 = [AV(AIVRF)], 

T 3 =[At3^AP 3 RF)]-T (4) , 

T 2 = [At 2 /(AP 2 ■ RF)] - (T (3) + T (4) ), and 

T, = [At,/(APi - RF)] - (Tw + lb, + T (4) ). 
The pressure (P3) in the upper floating chamber 136 can then be selected so that the 
loading area extends from the wafer center to the radial position of the first zone (n=l) 
for a duration Tj, the loading area extends from the wafer center to roe radial position of 
the second zone (n=2) for a duration T 2> the loading area extends from the wafer center to 
the radial position of the third zone (n=3) for a duration T 3 , and the loading area extends 
from the wafer center to the radial position of the fourth zone (n=4) for a duration T 4 . 
The pressure (P3) in the upper floating chamber 1 36 can be approximated as follows: 

P3 - ((P2-Pl)Ac + PlAi - P2A 2 )/A3» 
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where the loading area Ac = *(dc) J /4, and At = *(di) 2 /4, A 2 = nCd^M, and A 3 = x(d 3 )V4. 
As shown in FIG. 7, d|, d 2 and d 3 are diameters corresponding, respectively, to the outer 
chamber 1 38, the 1 wer fl ating chamber 134 and the upper floating chamber. Using the 
new pressures and polishing times, a more planar surface can be obtained. 

In some implementations, the carrier head can include multiple concentric 
chambers mat can apply independently variable pressures to multiple concentric regions 
of the wafer. Such a carrier head is discussed in U.S. 5,964,653, incorporated herein by 
reference in its entirety. During polishing, the pressure in each chamber can be adjusted 
based on the measured polishing rate or amount removed in the radial zone associated 
with that chamber. For example, if the optical monitoring system determines that the 
edge of the wafer is being polished fester than the center of the substrate, the pressure to 
the outermost chamber of the carrier head can be reduced during the polishing operation. 
The techniques described above can be used to monitor a film thickness and to adjust a 
pressure in one or more of the carrier head chambers based on a comparison of the 
measured thicknesses with a target thickness profile. That can significantly improve the 
polishing uniformity. 

The invention has been described in terms of a number of implementations. 
The invention, however, is not limited to the implementations depicted and described. 
Other implementations are within the scope of the following claims. 

4 Briel Description cl Uii*iigs 
FIG. 1 is an exploded perspective view of a chemical mechanical polishing 

apparatus. 
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FIG. 2 is a side view of an exemplary chemical mechanical polishing 
apparatus including an optical interferometer for use in the invention. 

FIG. 3 is a schematic cross-sectional view of an exemplary carrier head for 

use in the invention. 

FIG. 4 is a graph Ulustrating how the value of a contact diameter of a 
membrane in the carrier head varies with the pressure in one of the carrier head 
chambers. 

FIG. 5 is a block diagram showing a closed-loop control wafer polishing 
system according to the invention. 

FIG. 6 is a flow chart of a method of closed-loop control wafer polishing 

according to the inventioa 

FIG. 7 illustrates various dimensions of the carrier head 
FIG. 8 shows exemplary zones on a water. 
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POLISH WAFER USINO INITIAL PARAMETERS 

OBTAIN AMD PROVIDE THICKNESS -RELATED MEASUREMENTS 

i 



CALCULATE RADIAL THICKNESS PROPILB BASED OH 
THICKNESS -REIATED MEASURSffiNTS 



I. 



COMPARE CALCULATED THICKNESS PROFILE TO TARGET 
THICKNESS PROFILE 



1 



ADJUST PRESSURE IN ONE OR MORE CHAMBERS OP CARRIER 
HEAD 



1 



CONTINUE POLISHING WAFER 




FIG. 6 
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1 A b 5 1 r a c t 

Techniques for polishing a wafer (1 0) include closed-loop control The wafer 
can be held by a carrier head ( 1 00) having at least one chamber whose pressure is 
controlled to apply a downward force on the wafer. Thickness-related measurements of 
the wafer can be obtained during polishing and a thickness profile for the wafer is 
calculated based on the thickness-related measurements. The calculated thickness profile 
is compared to a target thickness profile. The pressure in at least one carrier head 
chamber is adjusted based on results of the comparison. The carrier head chamber 
pressures can be adjusted to control the amount of downward force applied to the wafer 
during polishing and/or to control the size of a loading area on the wafer against which 
the downward force is applied. 

2 Xeprescntative Dialing Fig- 5 



